Application of soft computing techniques for various metamaterial designs and optimizations is an emerging field in the microwave regime. In this paper, a global optimization technique, namely, particle swarm optimization (PSO), is used for the design and optimization of a square split ring resonator (SSRR) having a resonant frequency of 2.4 GHz. The PSO optimizer yields the structural parameters, which is further simulated and validated with the optimized value. This optimized structure results in the mutual coupling reduction in a microstrip antenna array designed for wireless application.
Introduction
Soft computing techniques play important role in the design and optimization in various electromagnetic applications including antenna engineering. The aim of these techniques is to tolerate imprecision and uncertainties and yet yield quick solutions that are both robust and economically viable. Recent developments in the rapidly growing field of metamaterials have caught the attention of researchers worldwide due to its intrinsic properties leading to exciting applications in engineering such as the invisibility cloak, high-performance frequency selective surfaces (FSS) and radomes, and so forth. An important aspect of these metamaterial applications is the design and optimization towards actual hardware realization for which soft computing techniques have emerged as a potential tool due to their promise to treat the enormous complexity in analysis with relative ease [1] .
Microstrip patch antennas are widely used in wireless communication in various platforms including aerospace due to their features like compactness, compatibility with MMIC (conformal) design, and high performance. In practice, mutual coupling effects which degrade the antenna performance are predominant [2] . Such mutual coupling effects are often mitigated by the use of EBG structures, which however makes the antenna array system very complex [3] . In order to overcome this complexity, a simple square split ring resonator (SSRR) is proposed in this paper. Such an application requires design of metamaterial structures at a desired frequency range (equivalent to the resonant frequency of the antenna array, mutual coupling of which is to be reduced). A particle swarm optimization (PSO) algorithm is developed here, which optimizes the resonant frequency and provides the structural parameters. This optimized design is further used for mutual coupling reduction and performance enhancement of the antennas.
In this paper, an array of simple single ring SSRR is used for reduction of mutual coupling in a microstrip patch antenna array, which is designed at 2.36 GHz for wireless applications. The PSO algorithm optimizes this SSRR structure. A single array of optimized SSRR is then placed over a microstrip antenna array, and the mutual coupling effect is studied for different positions of the SSRR array.
PSO Design for SSRR
Soft computing techniques are essentially a collection of computational techniques in computer science, artificial intelligence, and machine learning. Thus there are many techniques available under this unique umbrella terminology such as artificial neural network (ANN), genetic algorithm (GA), fuzzy logic (FL), particle swarm optimization (PSO), bacteria foraging optimization (BFO), and so forth [4] . As it is apparent from the terminology, many of the soft computing techniques are inspired from biological phenomena and the social behavior of biological populations. Likewise, the recently developed methods based on swarm intelligence and foraging behavior of natural and biological populations (such as birds, fish, ants, and even bacteria) too are considered to be part of the growing field of soft computing [5] [6] [7] .
Among the techniques available for soft computing, the PSO is one of the global optimization methods based on the movement and intelligence of swarms, which optimizes difficult multidimensional discontinuous problems. It is an evolutionary computational technique proposed by Kennedy and Eberhart in 1995 [6] . The PSO is a promising simple yet effective and robust method used for search and optimization in diverse electromagnetic problems. The development of PSO can be illustrated through an analogy similar to a swarm of bees in a field. The goal of a swarm of bees in a field is to find the location with the highest density of flowers. This motivates the engineers to use PSO as an optimization technique. The flowchart of the basic PSO algorithm implemented for the proposed optimization problem is shown in Figure 1 .
Implementation of PSO
SSRR is a metamaterial structure which consists of single square shaped ring with gap. This structure is printed on a dielectric substrate of thickness 0.6 mm and permittivity 4.4. The schematic of an SSRR with the dimensions is shown in Figure 2 , where " " denotes the side length of the SSRR, " " denotes the width of conductor, and " " denotes the gap present in the rings. The equivalent circuit of the square SRR is a parallel tank circuit, given in Figure 1 . The resonant frequency of the square SRR is obtained by equivalent circuit analysis method. In this method, the distributed network is converted to lumped network (Figures 2(b) and 2(c)) and analysis is carried out [8] .
The resonant frequency of the split ring resonator is given by
where is total inductance and is gap capacitance which is dependent on structural parameters of SSRR [9] . The expressions for and are given below:
where is the correction factor, 0 is the free-space permittivity, is the velocity of light, is the thickness of SSRR, and is the gap spacing in the SSRR. The PSO optimizer acts here as a CAD package, which yields the structural parameters such as the length, width, and spacing for a desired resonant frequency.
The fitness function used for this optimization is
where is the desired frequency and is the frequency obtained using the equivalent circuit analysis. The PSO optimizes the fitness function and extracts the structural Journal of Optimization parameters. The extracted length , width , and the gap spacing are 9 mm, 0.18 mm, and 0.125 mm, respectively. These optimized values are used for design of the SSRR. The boundary conditions were assigned accordingly during the design of SSRR [10] . The permittivity and permeability values are extracted using (5) [11] . The simulated scattering parameters ( 11 and 21 ) and the corresponding extracted permittivity and permeability are given in Figures 3(a) and  3(b) . The metamaterial characteristics of the proposed structure are readily inferred in Figure 3(b) , from 2.3 to 2.6 GHz. Consider
where is the radian frequency and is the thickness of the unit cell. The PSO algorithm is implemented to optimize the structural SSRR parameters such as width, length, and gap between the slits, for a desired frequency of operation with the overall objective to reduce the mutual coupling in the antenna array.
Two different algorithms, namely, PSO and bacteria foraging optimization (BFO), have been implemented towards optimization of square SRR. For this optimization problem, the details of accuracy and execution time for both the algorithms are given in 2.36 GHz. The computation is done using an Intel Dual-core 4 GB RAM PC. It is readily observed that for the class of problem in hand, PSO is more accurate and highly convergent compared to the BFO. Hence PSO algorithm is considered in this work, for mutual coupling reduction in antenna array design.
Geometry of the Antenna Array
Microstrip antennas are best suited and are widely used for commercial and wireless applications. In this work, a simple microstrip array of two elements is designed having operating frequency 2.36 GHz. The microstrip array antenna is designed on a Duroid substrate with dimension 220 mm × 98.5 mm × 1.57 mm, having a relative permittivity of 2.2. The dimension of each patch element is 41.08 mm × 41.08 mm, and the length and width of the feed are 24.05 mm and 0.72 mm, respectively. Figure 4(a) shows the schematic of a microstrip patch antenna array. The distance between the patch elements is 59.74 mm (< /2). 
Mutual Coupling Effects after Loading SSRR Array
An array of single ring SSRR is used as a metamaterial structure, which is placed over the antenna array as shown in Figure 5 
Conclusion
PSO is used as an optimization tool for design and optimization of the square split ring resonator (SSRR), which exhibits metamaterial characteristics. The optimized SSRR is used for reduction of mutual coupling in microstrip antenna array designed for wireless applications. It is shown that metamaterial structures, if optimized properly for desired resonant frequency by soft computing techniques such as the PSO, have the potential of yielding excellent features with enhanced performance without resorting to complicated design procedures.
